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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  con¬ 
verted  to  metric  (SI)  units  as  follows: 


_ Multiply _ 

acre-feet 

cubic  feet  per  second 
Fahrenheit  degrees 
feet 

feet  per  second 

feet  per  second  per  second 

grams 

inches 

inches  per  second 

inches  per  second  per 
second 

miles  (U.  S.  statute) 

pounds  (force)  per  square 
inch 

square  feet 


_ By  ... 

1233.489 

0.02831685 

* 

0.3048 

0.3048 

0.3048 

0.002204622 

0.0254 

25.4 

25.4 

1.609344 

6894.757 


_ To  Obtain _ 

cubic  metres 
cubic  metres  per  second 
Celsius  degrees  or  Kelvins 
metres 

metres  per  second 

metres  per  second  per  second 

pounds  (mass) 

metres 

millimetres  per  second 

millimetres  per  second  per 
second 

kilometres 

pascals 


0.0929 


square  metres 


*  To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  read¬ 
ings,  use  the  following  formula:  (5/9) (F  -  32)  to  obtain  Kelvin  (K) 
readings,  use:  K  =  (5/9 )(F  -  32)  +  273.15. 


3 


Figure  1.  Wynoochee  Dam 


AIR  DEMAND  AND  VIBRATION  MEASUREMENTS,  WYNOOCHEE  DAM 
WYNOOCHEE  RIVER,  WASHINGTON 

PART  I :  INTRODUCTION 

Pertinent  Features  of  the  Project 

1.  Wynoochee  Dam  (Figure  1)  is  located  on  the  Wynoochee  River  in 
northwestern  Washington  51.8  miles*  upstream  from  the  confluence  with 
the  Chehalis  River  and  approximately  2  miles  north  of  the  town  of  Gris- 
dale,  Washington  (Figure  2).  The  multipurpose  project  provides  in¬ 
dustrial  water  supply,  flood  control,  recreation,  enhancement  of  fish¬ 
eries,  and  irrigation.  The  feasibility  of  installing  generators  for 
hydroelectric  power  is  currently  being  studied.  Completed  in  1972,  the 
project  consists  of  a  concrete  gravity-type  dam  with  earth-fill  exten¬ 
sions,  a  4.4-mile-long  lake  at  normal  pool  el  800.0**  which  impounds 
70,000  acre-feet  of  water,  and  fish  facilities. 

Outlet  Works 

2.  Six  individual  24-in. -diam  steel  outlet  pipes  are  used  to  main¬ 
tain  low-flow  multilevel  withdrawal  and  to  provide  for  downstream  fish 
passage.  The  pipe  intakes  are  located  at  various  elevations  from  690 

to  780,  as  shown  in  Plate  1.  The  chute-type  spillway  is  controlled  by 
a  two-bay,  ogee-shaped  crest  structure  with  32-ft-wide  by  39-ft-high 
tainter  gates.  The  chute  is  designed  so  that  the  flow  will  converge  to 
the  right  and  thereby  be  directed  into  the  rock  canyon  below  the  dam. 
Flood-control  releases  are  accomplished  by  two  6-ft-wide  by  12-ft-high 
sluices,  each  having  a  6-ft-wide  by  10-ft-high  control  section  which 
houses  the  upstream  emergency  gates  and  downstream  service  gates.  The 
sluices  are  shown  in  Plate  1  and  a  sluice  section  is  shown  in  Plate  2. 

*  A  table  of  factors  for  converting  U.  S.  customary  units  of  measure¬ 
ment  to  metric  (SI)  units  is  presented  on  page  3. 

**  All  elevations  (el)  cited  herein  are  in  feet  above  National  Geo¬ 
detic  Vertical  Datum  (NGVD) . 
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Figure  2.  Vicinity  map 


Purpose  and  Scope  of  Tests 


Background 

3.  After  the  project  became  operational,  Seattle  District  person¬ 
nel  noted  vibrations  at  or  near  the  Vista  House  (Figure  1)  during  sluice 
discharges.  Vibration  tests  were  conducted  by  the  Denver  Mining  Re¬ 
search  Center,  U.  S.  Bureau  of  Mines,  in  December  1975  (Steblay  and 
Leighton,  no  date)  to  determine  the  intensity  of  the  vibrations  at  the 
Vista  House.  All  vibration  levels  were  found  to  be  well  below  the  nor¬ 
mally  accepted  safe  levels.  The  Bureau  of  Mines  report  concluded  that 
the  principal  source  of  vibrations  was  airflow  through  the  canyon  and 
dam.  However,  the  Seattle  District  believed  the  source  might  b 
waterflow-induced  vibrations.  Therefore,  the  district  requestt  he 

U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  to  condu  proto¬ 
type  tests  to  measure  gate  and  structure  vibrations  and  also  tl  ''•re¬ 

sponding  air  demand. 

Purpose 

4.  The  primary  purpose  of  the  test  program  was  to  determine  the 
magnitude  of  vibrations  occurring  at  the  dam  structure,  sluice  gate,  and 
Vista  House  for  a  full  range  of  gate  openings  under  the  maximum  avail¬ 
able  head.  In  addition,  it  was  desired  to  determine  if  a  correlation 
existed  between  the  gate  and  Vista  House  vibrations.  Other  information 
desired  included  gate-lip  pressure  fluctuations  and  airflow  rates 
through  the  air  vent  and  sluice. 

Scope 

5.  The  WES  test  program  included  measurement  of  (a)  vibrations  at 
the  Vista  House,  the  dam,  and  the  service  gate,  (b)  gate-lip  pressures, 
and  (c)  air  demand.  Pressure  drops  from  the  atmosphere  to  a  station  in 
the  air  vent,  the  access  shaft,  and  the  sluice  gate  were  also  measured. 
The  tests  were  conducted  utilizing  the  right  (looking  downstream)  sluice 
with  a  full  range  of  gate  openings  at  1-ft  increments  from  1  through 

10  ft  at  an  average  pool  elevation  of  799.5.  Measurements  were  also 
made  at  a  1/2-ft  gate  opening  and  during  continuous  closing,  starting 
from  full  open. 
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PART  II:  TEST  FACILITIES,  EQUIPMENT,  AND  PROCEDURES 


Test  Facilities 


6.  The  locations  of  the  test  instrumentation  of  the  structure 
are  shown  in  Plate  2.  Details  of  the  gate-lip  pressure  transducer  are 
shown  in  Plate  3,  and  the  different  types  of  transducers  used  in  the 
measurements  described  herein  are  shown  in  Figure  3.  The  specifics  of 
each  transducer  are  listed  in  Table  1. 


PGS 
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Figure  3.  Test  instrumentation  (scale  in  inches) 

Pressure  differential 

7.  Instrumentation  was  installed  to  record  the  pressure  drop  be¬ 
tween  the  atmosphere  and  three  locations  within  the  test  sluice-air  vent 
system.  Special  housing  for  the  differential-pressure  transducers  was 
fabricated  at  WES.  The  differential  between  the  atmosphere  and  the  loca 
tion  of  the  air-vent  velocity  strut  (Plate  2)  was  measured  with  a  differ 
ential  pressure  transducer  (DPI)  housed  inside  the  strut  as  shown  in 
Figure  4.  A  plastic  tube  led  from  one  port  of  the  transducer  to  the 


atmosphere  (recording  area).  A  1/8-in.  hole  was  drilled  in  each  side  of 
the  strut  to  the  other  open  port  of  the  transducer  to  admit  the  local 
pressure.  Transducers  for  measuring  the  differential  to  the  access 
shaft  (DP2)  and  near  the  sluice  gate  (DP3)  were  housed  in  special  con¬ 
tainers  as  shown  in  Figure  5 ,  which  were  epoxied  to  the  access  shaft 
wall.  The  transducers  were  isolated  by  packing  the  containers  with  foam 
rubber.  Plastic  tubing  attached  to  the  atmospheric  port  of  each  trans¬ 
ducer  terminated  in  the  gate-control  chamber  which  also  served  as  the 
recording  area. 


Figure  5.  Differential  pressure  transducer  DP2 
Gate-lip  pressures 

8.  Two  pressure  transducers  (PGL  and  PGS)  were  mounted  in  the 
lip  area  of  the  test  gate,  as  shown  in  Plates  2  and  3.  The  transducers 
were  housed  in  special  adapters  and  secured  with  either  a  locknut  or 
setscrews . 

Air  velocity 

9.  Special  struts  (Plate  2  and  Figures  4  and  6)  were  fabricated 
to  house  the  instrumentation  used  in  acquiring  the  data  necessary  for 
computing  air  velocities  in  the  vent  and  the  sluice.  Pitot  tubes  ex¬ 
tended  downstream  (AVI)  and  upstream  (AV2)  for  detecting  airflow  into 
and  out  of  the  air  vent,  respectively.  The  sluice  pitot  tube  (SL1) 
which  was  located  13.5  in.  from  the  roof  detected  airflow  into  the  exit 
portal  of  the  sluice.  The  sluice  strut  and  accompanying  instrumentation 
are  shown  in  Figure  6. 


Sluice  strut,  open,  exposing  instrumentation 


Sluice  strut  installed  (looking  upstream) 
Figure  6.  Sluice  strut  (SL1) 


10.  The  struts  consisted  of  two  halves,  bolted  together,  with 
sections  removed  from  their  inside  to  accommodate  the  pitot  tubes, 
pressure  transducers,  electrical  cables,  and  plastic  tubing.  The  air- 
vent  strut  also  contained  an  accelerometer.  Strut  brackets  were  fabri¬ 
cated  to  attach  to  the  air-vent  walls  and  sluice  roof  for  encasing  the 
strut  ends.  After  bolting  the  brackets  in  place,  shims  and  setscrews 
were  used  to  hold  the  struts  securely.  The  electrical  cables  (both 
struts)  and  the  plastic  tubing  (air-vent  strut)  that  exited  from  the  end 
of  the  struts  were  attached  to  anchor  bolts  in  the  reach  within  the  vent 
and  the  sluice. 

Accelerations 

11.  A  special  accelerometer  plate  was  welded  to  a  horizontal 
brace  on  the  downstream  side  of  the  test  gate  under  the  supervision  of 
WES  personnel,  just  prior  to  the  tests.  A  cluster  of  three  accelerom¬ 
eters  (vertical,  transverse,  and  parallel  to  flow)  was  then  attached  to 
the  plate.  In  addition,  special  individual  accelerometer  mountings 
were  expoxied  to  the  floor  of  the  gate-control  chamber  and  Vista  House. 
Plate  2  shows  the  location  of  the  canister  housing  the  gate  accelerom¬ 
eters.  The  Vista  House  accelerometer  configuration,  shown  in  Figure  7, 


Figure  7.  Vista  House  accelerometers 


r  i 

is  identical  to  that  of  the  dam  structure  accelerometers.  An  accelerom¬ 
eter  (AVA) ,  shown  in  Figures  3  and  4,  was  installed  in  the  air-vent 
strut  to  monitor  the  strut's  vibrational  amplitude  and  frequency  during 
the  tests. 


Other  Measurements 

12.  Other  recorded  data  consisted  of  Wynoochee  Lake  elevation, 
air  temperature,  wind  speed  and  direction,  barometric  pressure,  and  gate 
opening.  Air  temperature  and  wind  speed  and  direction  were  continuously 
recorded  on  a  Meteorology  Research,  Inc.,  portable  weather  station. 

Water  discharge  was  determined  from  computed  discharge  rating  curves 
provided  by  the  Seattle  District. 

Test  Equipment 

13.  The  test  equipment  listed  and  described  herein  includes  the 
transducers,  cables,  and  recording  equipment.  Transducers  used  in  the 
tests  were  as  follows: 

a.  Head  differential:  0.20-  to  0.50-psid  pressure 

transducers . 

b.  Gate-lip  pressures:  50-psia  pressure  transducers. 

c.  Air  velocity  (pitot  tube  pressure  differential): 

0.125-  to  0.20-psid  pressure  transducers. 

d.  Vibrations  (accelerometers). 

(1)  Dam  and  Vista  House:  1  pg-  to  25-g  servo- 
accelerometers  . 

(2)  Gate:  2.5-g  accelerometers. 

(3)  Air-vent  strut:  2.5-g  accelerometers. 

14.  Cable  lengths  required  for  the  test  program  were  determined 
from  contract  drawings  and  actual  measurements  at  the  project.  These 
cable  lengths  (listed  in  Table  1)  were  cut  and  used  in  the  calibration 
of  their  corresponding  transducers  to  account  for  line  losses. 

15.  The  recording  equipment  consisted  of:  (a)  WES-fabricated 
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model  01  bridge-balance  amplifiers  with  frequency  response  from  DC  to 
10  kHz,  (b)  Validyne  model  CD15  carrier-demodulators  with  a  frequency 
response  of  DC  to  1  kHz,  (c)  WES-fabricated  servo-accelerometer  ampli¬ 
fiers,  frequency  response  DC  to  500  Hz,  (d)  a  Sangamo  model  Sabre  III, 
32-track  magnetic-tape  recorder  with  a  frequency  response  from  DC  to 
40  kHz,  (e)  WES-fabricated  galvanometer-driver  amplifiers  (to  allow 
playback  from  magnetic  tape  to  oscillograms),  (f)  CEC  model  7-362  gal¬ 
vanometers,  and  (g)  a  CEC-5-119P4  direct-print  oscillograph  capable  of 
reproducing  up  to  36  channels  of  data  at  paper  speeds  varying  from  0.25 
to  160  ips  at  a  frequency  response  of  DC  to  40  kHz.  Figure  8  shows  the 
equipment  setup  at  the  recording  station  (gate  control-chamber). 


Figure  8.  Recording  equipment 


Test  Procedures 

16.  The  tests,  conducted  on  11  June  1981,  were  recorded  at  a  gate 
opening  of  0.5  ft  and  then  at  1-ft  gate-opening  increments  from  1  ft  to 
full  open  (10  ft).  A  continuous  closing  run  was  also  recorded.  Each 
individual  gate-opening  test  was  recorded  on  magnetic  tape  for  5  min. 
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A  portion  of  the  taped  data  was  transferred  to  oscillograms  to  confirm 
that  the  data  were  being  recorded  and  to  make  a  visual  check  and  some 
initial  computations  of  results. 

17.  The  procedure  was  the  same  for  all  tests  and  consisted  of  the 
following: 

a.  Record  test  number,  gate  opening,  date,  time,  and 
conditions . 

b.  Record  step  calibrations. 

c.  Raise  gate  to  test  position,  allow  flow  to  stabilize. 

d.  Record  data  on  tape  and  oscillograms. 

e.  Record  other  test  conditions.* 

f.  Repeat  steps  a,  c-e  for  each  gate  opening. 

g.  Record  step  calibrations. 

18.  Voice  comments  on  the  tapes  and  notes  recorded  on  the  oscil¬ 
lograms  were  made  for  later  reference  and  assistance  in  data  reduction. 
Where  necessary,  gain  adjustments  were  made  to  improve  the  transducer 
signals'  amplifier  sensitivity. 


*  Test  conditions  are  listed  in  Table  2. 


PART  III:  TEST  RESULTS  AND  ANALYSES 


19.  Test  runs  were  conducted  at  gate  openings  of  0.5  and  1.0  ft 
and  at  1-ft  increments  thereafter  to  full  open  (10.0  ft).  The  trans¬ 
ducer  types  and  locations  used  in  this  study  are  discussed  in  Part  II 
and  summarized  in  Table  1.  The  conditions  of  each  test  run  are  pre¬ 
sented  in  Table  2. 

20.  Each  data  channel  was  digitized,  from  which  4-,  50- ,  and 
200-sec  time  histories  were  developed.  The  digitized  channels  were 
transformed  electronically  from  the  time  to  the  frequency  domain  in 
order  to  display  the  frequencies  at  which  maximum  energy  was  concen¬ 
trated.  This  manipulation  is  the  equivalent  of  a  mathematical  Fourier 
Transform  (or  Fast  Fourier  Transform,  abbreviation  FFT) .  The  records 
were  scanned  for  the  maximum,  minimum,  average,  and  root-mean-square 
(RMS)  values. 


Accelerations 

21.  Three-directional  acceleration  measurements  were  made  in  the 
dam,  the  Vista  House,  and  on  the  test  sluice  gate.  The  measurements 
were  made  to  obtain  their  magnitudes  at  each  gate  opening  and  to  deter¬ 
mine  if  any  correlation  existed  between  the  structure  accelerations  and 
gate  vibrations. 

Dam  acceleration 

22.  A  summary  of  the  dam  acceleration  data  is  presented  in 
Table  3.  The  peak-to-peak  (pk  to  pk)  and  root  mean  square  (RMS)  accel¬ 
erations  and  predominant  frequencies  were  determined  from  the  time  his¬ 
tories  and  corresponding  FFT's.  The  same  procedure  was  used  in  deter¬ 
mining  the  Vista  House  and  sluice-gate  acceleration  data. 

23.  If  the  frequency  f  is  known  and  is  quasi-sinusoidal ,  the 
measured  acceleration  g  can  be  used  to  approximate  the  structure  dis¬ 
placement  d  in  inches  (Thomson  1972)  with  the  equation: 
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(2nf)1 


(1) 


2 

where  1  g  equals  386  in. /sec  .  From  Table  3,  the  largest  recording  of 
each  dam  accelerometer  transducer  was  used  with  Equation  1  to  approx¬ 
imate  the  corresponding  displacements.  These  computations  are  listed 
below. 


Test 

No. 

Gate 

Open. 

ft 

Pk-pk 

Accel 

Freq 

Hz 

Pk-pk  Displ 

Transducer 

8 

ft/sec^ 

in.  x  io"5 

ASV 

15 

7 

0.010 

0.32 

92 

1.2 

AST 

17 

9 

0.017 

0.55 

89 

2.1 

ASP 

16 

8 

0.023 

0.74 

88 

2.9 

Plate  4  presents  graphs  of  the  effects  of  vibrations  as  they  relate  to 
persons  and  structures.  The  accelerations  and  displacements  lie  well 
within  the  region  considered  safe  for  structures. 

Vista  House  accelerations 

24.  The  acceleration  data  for  the  Vista  House  measurements  are 

also  listed  in  Table  3.  The  maximum  acceleration  given  in  the  table  is 

2 

approximately  0.012  g  or  0.39  ft/sec  (AVP,  tests  9  and  11).  The  random 
frequency  of  these  measurements  could  not  be  used  to  approximate  the 
displacements.  The  acceleration  value  falls  within  the  safe  limits  of 
the  graph  in  Plate  4. 

Gate  accelerations 

25.  The  measured  gate  accelerations  were  larger  than  those  of  the 
structures.  Table  3  indicates  that  the  largest  accelerations  occurred 
at  the  higher  gate  openings.  The  highest  value  recorded  by  each  accel¬ 
erometer  is  listed  below. 


Transducer 

Test 

No. 

Gate 

Open. 

ft 

Pk-pk 

8 

Accel 

ft/sec^ 

Freq 

Hz 

Pk-pk  Displ 
in.  x  io'5 

AGV 

18 

10 

0.17 

5.47 

65 

39 

AGT 

17 

9 

0.08 

2.58 

23 

148 

AGP 

17 

9 

0.48 

15.45 

23 

887 
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Plates  5-7  show  typical  gate  acceleration  time-history  plots  and  FFT's 
(AGV,  AGT,  and  AGP,  respectively)  recorded  during  test  15  (gate  opening 
7.0  ft). 

Gate  Pressures 

26.  Gate-pressure  fluctuations  were  measured  at  the  gate  lip 
(PGL)  and  on  the  upstream  skin  plate  (PGS).  Transducer  PGS  was  damaged 
and  did  not  produce  a  signal  during  tests  16-18.  Table  4  presents  the 
measured  values  for  these  transducers.  A  typical  time-history  plot  and 
an  FFT  for  transducer  PGL  are  shown  in  Plate  8. 

27.  The  cross-spectral  density  function  (CSDF)  for  two  sets  of 
random  data  describes  the  general  dependence  of  the  values  of  one  set  of 
data  on  the  other  (Bendat  and  Piersol  1958).  The  degree  of  dependence 
is  expressed  in  the  frequency  domain.  Basically,  the  degree  of  depen¬ 
dence  is  determined  by  individually  frequency-filtering  the  two  signals 
with  narrow  band-pass  filters  having  identical  bandwidths  and  the  same 
center  frequency,  and  multiplying  the  two  filtered  signals.  If  there 

is  a  high  level  of  dependence  between  the  two  signals  at  a  particular 
frequency,  it  will  plot  as  a  relatively  discrete  spike  on  an  amplitude- 
frequency  graph  of  the  CSDF. 

28.  Cross-spectral  density  functions  were  derived  to  determine  if 
correlation  existed  between  the  gate-lip  pressure  fluctuations  (PGL)  and 
the  accelerations  of  the  Vista  House  (AW,  AVT,  AVP)  and  the  gate  (AGV, 
AGT,  AGP).  These  functions  were  computed  and  plotted  for  each  test. 

The  resulting  plots,  excluding  test  17,  were  random  in  frequency  and  low 
in  amplitude.  During  test  17  (gate  opening  9.0  ft),  a  frequency  of  ap¬ 
proximately  23  Hz  was  dominant  in  the  Vista  House  and  gate  accelerations. 
The  correlation  amplitudes  were  very  small  since  the  recorded  accelera¬ 
tions  were  also  very  small  (Table  3).  Typical  uncorrelated  examples  are 
shown  for  the  gate-lip  pressures  and  gate  accelerations  in  Plate  9  and 
for  the  gate-lip  pressures  and  Vista  House  accelerations  in  Plate  10. 
These  plates  were  developed  from  data  acquired  during  test  15  (gate 
opening  7.0  ft).  Plate  11  shows  the  CSDF  plots  of  the  gate  lip  and 
also  vertical  accelerometers  of  the  Vista  House  and  the  gate,  test  17. 
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Air  Demand 


29.  Pitot  tube  differential  pressures  were  measured  at  the  loca¬ 
tions  shown  in  Plate  2  for  determining  the  air  demand  in  the  air  vent 
and  the  test  sluice  (AVI  and  AV2  and  SL1,  respectively).  Transducer  AV2 
recorded  pressure  differentials  related  to  airflow  downstream  (left  to 
right  in  Plate  2) .  Differential  pressures  from  AVI  and  SL1  were  used 

to  compute  upstream  flow. 

30.  Velocity  at  a  point  Vp  is  proportional  to  the  recorded  dif¬ 
ferential  pressure  when  measured  by  a  pitot  tube  (Rouse  1962).  This 
relation  shown  in  Figure  9  is  given  by  the  equation 

Vp  =  k^Ap  (2) 


where 

k  =  constant  of  proportionality 
Ap  =  differential  pressure  between  points  A  and  B  (Figure  9) 


B 

Figure  9.  Pitot  tube  tip 


The  pitot  tubes  used  in  the  Wynoochee  Dam  tests  were  calibrated  by  the 
National  Space  Technology  Laboratories  (NSTL) ,  Bay  St.  Louis,  Miss. 

(Hart  1981).  The  calibrated  value  of  k  was  determined  to  be  351.90. 
The  Mach  number  for  all  point  velocities  measured  was  less  than  unity; 
therefore,  the  compressibility  of  air  was  not  considered  in  the  data 
analysis  (Vennard  1976). 

Air  vent 

31.  Pitot  tube  measurements  were  made  in  both  directions  in  the 
air  vent  at  the  location  shown  in  Plate  2.  The  pitot  tube  support  strut 
was  located  approximately  33.3  ft  from  the  vent  entrance  (point  A, 

Plate  2).  This  placed  the  strut  approximately  13  equivalent  diameters 
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(Dg)  from  the  entrance.  Rouse  (1962)  shows  that  for  fully  developed 
flow  (Dg  ss  50)  the  ratio  of  the  maximum  velocity  to  the  average 
value  V  in  terms  of  the  friction  coefficient  f  is 


V 

_E 

V 


=  (1  +  1 .43i/f ) 


(3) 


Tullis  and  Wang  (1974)  found  that  this  ratio  is  6  percent  smaller  at 
Dg  =  13.  If  this  factor  is  applied  to  Equation  3,  then  V  can  be 
computed  as  follows: 


V 

V  =  - B -  (4) 

(1  +  1.43Vf)0.94 

32.  The  air  vent  at  Wynoochee  Dam  is  an  embedded  corrugated  pipe 
2.5  ft  in  diameter  with  a  helix  angle  of  70  deg.  The  friction  coeffi¬ 
cient  for  these  specifications  is  0.034  (OCE  1980).  Equation  4  was  used 

to  compute  the  average  velocity  which  was  multiplied  by  the  vent  area 
2 

(4.91  ft  )  to  determine  the  air  discharge. 

33.  Table  5  presents  the  air-vent  data  which  are  based  on  the 
average  and  maximum  point  velocities.  The  maximum  point  velocities  were 
determined  from  the  maximum  peak  over  the  period  of  the  time-history 
plot.  A  typical  time  history  of  differential  pressures  (Ap  of  equa¬ 
tion  2)  in  the  air  vent  (AVI)  is  shown  in  Plate  12.  There  was  no  re¬ 
corded  reversal  of  airflow  in  the  air  vent.  Although  there  was  a  con¬ 
tinuous  signal  from  transducer  AV2,  it  was  due  to  air  flowing  in  the 
direction  opposite  of  that  shown  in  Figure  9. 

34.  Others  (Kalinske  and  Robertson  1943)  have  found  the  ratio  of 
air  demand  to  water  discharge  to  be  a  function  of  the  Froude  number, 
minus  one.  The  Corps  of  Engineers  combined  this  information  with  field 
measurements  and  derived  a  suggested  design  curve.  The  Wynoochee  air- 
vent  discharges  from  Table  5  have  been  plotted  on  the  Hydraulic  Design 
Criteria  (HDC)  chart  reproduced  in  Plate  13. 

35.  Corps  field  tests  to  determine  air  demand  in  regulated  outlet 
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works  have  indicated  two  gate  positions  at  which  the  air  demand  greatly 
exceeds  that  of  the  other  openings.  Large  quantities  of  air  are  re¬ 
quired  when  the  gate  is  about  5  percent  open  and  again  at  some  gate  posi¬ 
tion  between  50  and  100  percent  open.  At  small  gate  openings,  the  jet 
frays  or  breaks  up  and  entrains  large  quantities  of  air.  As  the  gate 
opens  further,  the  airflow  initially  decreases  and  then  increases  to  a 
maximum  value  which  is  caused  by  the  drag  force  between  the  water  sur¬ 
face  and  the  air  above.  The  average  air-vent  discharges  recorded  at 
Wynoochee  are  plotted  on  the  HDC  Chart  in  Plate  13.  The  second  maximum 
occurred  at  full  gate  opening. 

Sluice 

36.  The  sluice  air  velocity  was  measured  near  the  exit  portal,  as 
shown  in  Plate  2.  Air  was  probably  drawn  primarily  through  the  sluice- 
roof  grating,  as  shown  in  Figure  10.  Because  of  this  and  the  reverse 
airflow  occurring  near  the  water  surface,  a  velocity  profile  could  not 
be  predicted  at  transducer  SL1.  The  assumed  flow  profile  at  the  trans¬ 
ducer  is  shown  in  the  figure.  The  measured  point  velocities  are  listed 
in  Table  5  and  indicate  that  point  velocities  near  the  sluice  roof  were 


Figure  10.  Exit  portal-flow  conditions 


relatively  high.  However,  due  to  the  unknown  velocity  profile,  the  air¬ 
flow  rate  up  the  sluice  was  not  estimated. 

Differential  Pressures 

37.  Differential  pressures  were  measured  between  the  atmosphere 
and  three  locations  in  the  air  vent  and  equipment  shaft  (DPI,  DP2,  DP3, 
Plate  2).  The  maximum  and  average  differential  pressures  are  listed  in 
Table  5.  Corps  criteria  (OCE  1980)  suggest  that  the  maximum  air-vent 
velocity  not  exceed  150  fps  and  that  head  loss  through  the  vent  not  ex¬ 
ceed  0.5  to  1.0  ft  of  water.  The  maximum  recorded  differential  pressure 
at  Wynoochee  was  0.9  ft  of  water  (DP3,  test  18)  and  the  maximum  recorded 
air-vent  point  velocity  was  136  fps  (AVI,  test  18).  A  typical  time- 
history  plot  and  an  FFT  for  differential  pressure  at  transducer  DP3  are 
shown  in  Plate  14. 

38.  Possible  correlation  between  gate-lip  pressures  (PGL)  and 
air-vent  differential  pressures  (DP3)  were  analyzed  using  the  previously 
described  CSDF  (paragraph  27).  The  analysis  was  made  for  all  tests  and 
showed,  excluding  test  17,  that  the  frequencies  were  random  and  of  very 
small  amplitude.  A  dominant  frequency  of  23  Hz  occurred  in  the 

(PGL)  *  (DP3)  analysis  at  a  very  small  amplitude  (Plate  15).  Plate  16 
presents  a  typical  CSDF  for  PGL  and  DP3  taken  from  test  15  (gate  open 
7.0  ft). 


PART  IV:  CONCLUSIONS 


39.  The  following  determinations  resulted  from  field  observations 
and  analysis  of  the  reduced  Wynooehee  Dam  prototype  data. 

a.  Correlation  occurred  between  the  frequency  of  the  gate- 
lip  pressure  fluctuations  and  both  the  accelerations  of 
the  Vista  House  and  the  air-vent  pressure  fluctuations 
during  test  17  (gate  opening  9  feet).  The  maximum 
recorded  pk-pk  acceleration  during  the  test  was 

0.0008  g. 

b.  The  maximum  recorded  air-vent  velocity  and  head  loss 
were  within  the  limits  suggested  in  EM  1110-2-1602. 

c.  The  ratio  of  air  discharge  through  the  vent  and  water 
discharge  in  the  sluice  plots  reasonably  well  on  the 
Corps  suggested  design  curve. 

d.  Air-vent  flow  reaches  a  maximum  when  the  sluice  gate 
is  full  open. 

e.  Air  flowed  into  the  sluice-exit  portal  at  all  gate 
openings  for  which  measurements  were  made. 
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Table  3 

Dam,  Vista  House,  and  Gate  Accelerations 


Dam 

Gate 

ASV 

AST 

ASP 

Test 

Open 

Pk-Pk* 

RMS 

Freq 

Pk-Pk* 

RMS 

Freq 

Pk-Pk* 

RMS 

Freq 

No. 

ft 

8 

8 

Hz 

8 

8 

Hz 

8 

8 

Hz 

8 

0.5 

0.0006 

0.0002 

78 

0.0008 

0.0002 

55 

0.0008 

0.0002 

57 

9 

1 

0.0011 

0.0005 

60 

0.0008 

0 . 0002 

57 

0.0011 

0.0004 

55 

10 

2 

0.0021 

0.0007 

87 

0.0021 

0.0004 

93 

0.0023 

0.0004 

87 

11 

3 

0.0014 

0.0005 

65 

0.0014 

0.0003 

79 

0.0018 

0.0003 

88 

12 

4 

0.0023 

0.0004 

77 

0.0021 

0.0004 

79 

0.0021 

0.0004 

86 

13 

5 

0.0023 

0.0005 

78 

0.0018 

0.0003 

74 

0.0016 

0.0003 

69 

14 

6 

0.0023 

0.0005 

89 

0.0023 

0.0004 

94 

0.0023 

0.0004 

67 

15 

7 

0.0103 

0.0008 

92 

0.0069 

0.0008 

92 

0.0041 

0.0008 

93 

16 

8 

0.0068 

0.0015 

88 

0.0073 

0.0014 

94 

0.0229 

0.0016 

88 

17 

9 

0.0091 

0.0024 

85 

0.0171 

0.0019 

89 

0.0114 

0.0024 

70 

18 

10 

0.0022 

0.0025 

40 

0.0044 

0.0009 

86 

0.0044 

0.0012 

89 

Vista  House 

AW 

AVT 

AVP 

8 

0.5 

0.0005 

0.0002 

80 

0.0003 

** 

44 

0.0086 

0.0011 

t 

9 

1 

0.0005 

0.0001 

80 

0.0003 

** 

44 

0.0128 

0.0015 

t 

10 

2 

0.0006 

0.0001 

80 

0.0003 

0.0001 

55 

0.0073 

0.0011 

t 

11 

3 

0.0007 

0.0002 

40 

0.0003 

irk 

44 

0.0114 

0.0017 

T 

12 

4 

0.0005 

0.0001 

80 

0.0003 

irk 

44 

0.0006 

0.0001 

80 

13 

5 

0.0004 

** 

60 

0.0002 

** 

60 

0.0046 

0.0005 

t 

14 

6 

0.0003 

** 

80 

0.0002 

** 

25 

0.0003 

irk 

80 

15 

7 

0.0004 

0.0001 

34 

0.0003 

kk 

40 

0.0003 

kk 

35 

16 

8 

0.0006 

0.0001 

30 

0.0005 

0.0001 

27 

0.0004 

irk 

26 

17 

9 

0.0008 

0.0001 

23 

0.0007 

0.0001 

24 

0.0007 

0.0001 

24 

18 

10 

0.0006 

0.0001 

72 

0.0004 

kk 

16 

0.0006 

irk 

41 

Gate 

AGV 

AGT 

AGP 

8 

0.5 

0.0180 

0.0037 

98 

0.0085 

0.0016 

44 

0.0800 

0.0145 

57 

9 

1 

0.0226 

0.0047 

44 

0.0103 

0.0015 

44 

0.1074 

0.0168 

61 

10 

2 

0.0457 

0.0075 

75 

0.0146 

0.0029 

88 

0.2600 

0.0380 

87 

11 

3 

0.0209 

0.0039 

44 

0.0150 

0.0022 

44 

0.2057 

0.0367 

70 

12 

4 

0.0197 

0.0032 

44 

0.0135 

0.0024 

44 

0.2194 

0.0443 

77 

13 

5 

0.0207 

0.0035 

44 

0.0130 

0.0022 

44 

0.2057 

0.0369 

77 

14 

6 

0.0366 

0.0194 

44 

0.0110 

0.0055 

73 

0.1828 

0.0384 

76 

15 

7 

0.0446 

0.0086 

35 

0.0196 

0.0037 

35 

0.2585 

0.0499 

65 

16 

8 

0.0823 

0.0193 

27 

0.0308 

0.0079 

27 

0.3200 

0.0541 

27 

17 

9 

0.1600 

0.0164 

23 

0.0800 

0.0104 

23 

0.4800 

0.0750 

23 

18 

10 

0.171 

0.0243 

65 

0.0548 

0.0110 

73 

0.2740 

0.0542 

73 

*  Instantaneous  maximum  peak-to-peak  (pk-pk)  accelerations. 
**  Less  than  0.0001  g. 
t  Aperiodic. 
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Differential  Pressures.  Velocities.  Air  Dischar 
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